c1023delA, c1049delA, c1141delC, c1576delG), and five new mutations involving splice sites (IVS1-2 a→g, IVS2-10 t→g, IVS5 + 2 t→g L236L, IVS7 + 2 t→c). One patient had a new seven base deletion in exon 9 (c1482-1488del). Four patients were shown to have complete deletions of the IDS gene and two deletions involved one or more exons. Previously described mutations present in these patients were Q80X, P86L, R172X, G374G, S333L, R443X, and R468Q. In eight patients, no mutation was detected throughout the entire coding region. Most mutations that result in MPS II appear to be unique. Absence of the probands' mutations in eight of nine maternal grandmothers suggests many mutations have arisen recently. Prediction of the clinical phenotype from the identified genotype was diYcult in some families, and further studies using reverse transcription polymerase chain reaction are needed to confirm the predicted eVects on the IDS mRNA suggested by genomic analysis. (Arch Dis Child 1998;79:237-241) 
MPS II (Hunter's disease) 1 is an X linked, recessive mucopolysaccharide storage disease caused by a deficiency of the lysosomal enzyme iduronate-2-sulphatase (IDS). 2 This enzyme hydrolyses terminal iduronate-2-sulphate esters in heparan and dermatan sulphates. Deficiency of this enzyme results in accumulation of these compounds in various tissues and leads to progressive derangement of function. Clinical presentation shows a spectrum of mild to severe forms as a result of diVerent mutations in the functional gene. 3 These mutations comprise missense and nonsense mutations, mutations aVecting splicing, small insertions and deletions, partial gene deletions, and deletions or rearrangements of the whole IDS gene. 3 4 The severe phenotype is characterised by facial dysmorphism, short stature, hepatosplenomegaly, bone abnormalities, heart valve disease, mental retardation, and death in the second decade. 1 The mildest forms show no central nervous system involvement and prolonged survival.
Methods and materials
Of the 57 patients in this study, most attended the Willink Unit for assessment and follow up. A smaller group was diagnosed from samples received from overseas, and clinical details were obtained from the referring clinician. For the purposes of this report, the designation "severe" indicates the classic MPS II phenotype, including early diagnosis, short stature, coarse facial appearance, hepatosplenomegaly, skeletal disease, and progressive neurodegeneration. These patients normally die in their mid-teens. "Mild" patients are those with normal intellectual functions who have survived well into adult life. Patients classified as "intermediate" usually have mild or moderate learning diYculties and less severe skeletal disease. These patients often survive until their late teens or early 20s. Death in this group is usually caused by cardiorespiratory disease.
Initial diagnosis was by assay of iduronate-2-sulphatase in plasma using a tritiated disaccharide substrate.
2 DNA was isolated from white blood cell pellets by boiling. Pellets were resuspended in 50 mM NaOH and placed in a boiling water bath for 15 minutes. Samples were then neutralised with 1 M Tris HCl, pH 7.5, and centrifuged at 10 000 ×g for five minutes. The supernatants were used for subsequent analysis. IDS exons and flanking intronic regions were amplified by the polymerase chain reaction (PCR) using 100 µM dNTPs, 1× Taq buVer, 0.2 U Super Taq (HT Biotechnology, Cambridge, UK), 40 pmol primers, and 2-5 µl template in a final volume of 50 µl. Temperature cycling (30-35 cycles) was performed on an Omnigene thermal cycler (Hybaid, Middlesex, UK) using the primers and annealing temperatures shown in table 1. When required, exon 3 was amplified using nested primer pairs, IIIb-5' and IIIb-3' followed by IIIa-5' and IIIa-3'. This extra step prevented amplification of the pseudogene sequence. The large exon nine was amplified in three overlapping fragments. PCR products were purified using QIAquick PCR purification kits (Qiagen Ltd, West Sussex, UK), according to the manufacturer's instructions. Manual cycle sequencing was performed using the Circumvent DNA kit and the Phototope detection kit (New England Biolabs, Herts, UK), according to the manufacturer's instructions. Automated fluorescent dye terminator cycle sequencing was performed using ABI prism dye terminator cycle sequencing ready reaction kits containing Amplitaq DNA polymerase, FS (Perkin Elmer) and analysed on an ABI Prism 377 DNA sequencer. Resultant sequences were imported into Sequence Navigator (Perkin Elmer) for alignment, editing, and mutation analysis. Restriction digestion studies were performed with appropriate enzymes using the buVer and conditions recommended by the manufacturer.
Results and discussion
Mutations detected in genomic DNA from the 57 unrelated patients included four complete gene deletions or rearrangements and two partial deletions involving at least one exon. Nine patients had nonsense mutations, 18 had missense mutations, six had single base deletions, three had single base insertions, six had mutations aVecting splicing, and one had seven base deletions (table 2). Twenty five new mutations involving single base substitutions or small deletions or insertions were identified.
Four patients had new nonsense mutations that resulted in the expected severe phenotype (C84X (two unrelated patients), E245X, and Y466X). The C84X mutation appears to have arisen independently in the two unrelated patients, rather than having been inherited from a common ancestor, because the mutation was not detected in the one maternal grandmother investigated. Surprisingly, a fifth patient with the R8X mutation was only mildly aVected, suggesting that this stop codon, which occurs early in the gene, is occasionally read through during transcription.
Eight patients had new missense mutations. Three of these resulted in a mild phenotype, these were: D45N, which substitutes one polar amino acid for another although a charge is lost; N115Y, which changes an acidic amino acid to a basic one, but in an non-conserved region of the sulphatase family of enzymes; and E434K, which changes an acidic amino acid to a basic one. Two mutations that substitute the turn inducing amino acid proline (P228L and P266R) resulted in intermediate and severe phenotypes, respectively. Presumably, this is because both mutations are likely to aVect the tertiary structure of the IDS protein. The P266R mutation was identified in two unrelated UK patients but no material was available from maternal grandmothers, so that it is not known whether the mutation was inherited from a common ancestor. The I485K mutation substitutes a basic amino acid for a branched chain amino acid and resulted in a severe phenotype. A diVerent mutation (I485R) has already been identified in this codon 11 ; this mutation also resulted in a severe phenotype. The W502C mutation substitutes a sulphur amino acid for a polar amino acid in a hydrophobic domain and probably aVects the tertiary structure of the IDS protein. Thus, it is not surprising that it results in a severe phenotype.
Five patients had new mutations that aVect splicing. Two of these mutations disrupt acceptor slice sites. IVS1-2 a→g destroys the essentially invariant AG of the splice site (agAT→ggat), and would be expected to result in exon skipping and the creation of a premature stop codon in exon four. Hence, it is not surprising that this patient presented with a severe phenotype. IVS2-10 t→g substitutes a purine for a pyrimidine in the acceptor site consensus sequence. This substitution activates a cryptic splice site within exon 3 and results in premature termination. Because the patient has a mild phenotype, it is probable that the normal splice site is also used occasionally, producing suYcient normal enzyme protein to prevent central nervous system involvement. Three mutations aVected donor splice sites. IVS5 + 2 t→g destroys the essentially invariant gt of the donor splice site (AGgt→AGGG). This creates a premature stop signal in intron 5, with probable truncation of the IDS protein and, as would be predicted, results in a severe phenotype. The L236L mutation does not change an amino acid but changes the last base of the final codon of exon 5 and, thus, disrupts the consensus sequence of the donor splice site (AGgt→AAGT). Again, this would introduce a stop codon in intron 5, resulting in truncation of the IDS protein and producing the observed severe phenotype. The IVS7 + 2 t→c mutation again destroys the essentially invariant gt of the donor splice site (TGgt→TGGC), producing premature termination in intron 7, and resulting in severe clinical features.
Six patients had new single base deletions; four of these, c500delA, c705delC, c1023delA, and c1049delA, produced a severe phenotype as would be expected for frame shift mutations that induce premature termination. A fifth, c1576delG, is close to the end of the IDS gene and changes only 22 amino acids, with truncation of the IDS protein by only two amino CCT GCT GCA GCC TGT CC 3'  I-3'  5' AGA TGG CAG GGA GGG CGT GG 3'  65°C  183  II-5'  5' AGG GTT CAG TGT CAG TGC 3'  II-3'  5' AAC CCT CAG TGC ACG AAG 3'  61°C  244  IIIa-5'  5' GAT GGC AGA CAT GTT TTG 3'  IIIa-3'  5' GCT GGA TTC AGA CAC CAC 3'  58°C  289  IIIb- acids. It is not surprising that this patient has mild clinical features. More surprising is the c1141delC mutation. This frame shift mutation changes nine amino acids and then creates a TGA termination codon within exon 8. This would be expected to truncate the IDS protein by 161 amino acids, yet the patient has a mild phenotype. Three patients had new single base insertions. The c709G710ins mutation resulted in a severe phenotype, as would be expected for a frame shift mutation that produces premature termination. However, the c70T71ins and c653C654ins mutations were detected in patients with intermediate and mild phenotypes, respectively. This is diYcult to explain in view of the apparent frame shift and termination that they produce. Several single base deletions have been reported previously and these have resulted in all three types of clinical presentation. 3 This illustrates the diYculty of predicting clinical phenotypes from genotype information, particularly when only genomic sequence data is available. Representative illustrations of missense, nonsense, and splicing mutations are shown in fig 1, as are single base insertions and deletions.
Four patients had complete deletions or rearrangements of the IDS gene. Two of these have been reported previously, 13 and were identified by Southern blotting using a full length cDNA probe. 4 Two more patients with apparent full gene deletions or rearrangements were identified by failure to amplify all nine exons of the IDS gene by PCR (data not shown). Interestingly, in one of these latter patients, the pseudogene sequence 14 seems to be intact because a PCR product was obtained for exon 3 alone when using primers flanking this exon. Sequencing of this product revealed that the known T→C substitution that occurs naturally in the pseudogene sequence at position +12 was present alone, indicating that material from the IDS functional gene was not present (data not shown). Many previously described full gene deletions are thought to have occurred by recombination with the pseudogene. 15 Our findings show that at least exon 3 of the pseudogene remains intact in this patient.
As would be expected, all four patients with full gene deletions had a severe clinical presentation, as did the two patients with one or more exons missing (table 3) . A French MPS II patient has already been described with an exon 1 to 6 deletion similar to that seen in our patient. 16 In general, patients with mutations that have been described previously (Q80X, 9 P86L, G374G, 17 18 R443X, 17 18 R468Q, 10 and I485R 11 ) showed identical phenotypes to those already reported. Interestingly, the Polish patient with the P86L mutation is reported to have an intermediate phenotype with normal psychomotor development. 6 In contrast, two of our three patients with this mutation had the severe disease, with progressive mental retardation; the third patient was diagnosed at 4 months of age and, thus, it is too early to assess his degree of severity. Hence, there appears to be imperfect clinical correlation between patients with the same mutation. Public mutations are present in several geographically dispersed populations and apparently have arisen independently. For example, the P86L mutation was originally described in the Polish population. 6 Our three patients with this mutation originated from the UK, South Africa, and Southern Ireland, and the mutation was not found in genomic DNA from two maternal grandmothers who were investigated, and was also not present in the mother of the third patient. This suggests that the three mutations have arisen recently and independently. This mutation has been described recently in a Japanese patient. 17 Interestingly, reverse transcription PCR (RT-PCR) of mRNA produced two species of cDNA, one truncated by 44 base pairs. This was because the mutation activated the same cryptic splice site within exon 3 as the IVS2-10 t→g mutation described in this report. We showed that this was also true for our patients with the P86L mutation (data not shown).
The most common mutation identified in this study was R468Q. This mutation has been reported in several other populations. 10 18-20 Indeed, this codon appears to be a "hot spot" for mutations because two other missense mutations have been described within it (R468W 10 and R468L 20 ). However, most MPS II mutations appear to be private. Many also appear to have arisen recently, because most mutations were not found in the maternal grandmothers who we investigated, even though the mutation was present in their daughters with aVected sons (table 4) . This is corroborated by the absence of mutations in all 22 maternal aunts analysed. Nonetheless, mutation analysis is still of great value for identifying female carriers within a family. To date, 27 of 31 mothers and eight of 12 sisters have been shown to be carriers. All new mutations identified either create stop codons, change charges, result in frame shifts, aVect splicing, or produce gross gene deletions or rearrangements. Thus, it is probable that they are the disease causing mutations in these patients. However, investigation of mRNA and expression studies will be necessary to prove this conclusively.
Correlation between genotype and phenotype was uncertain using genomic DNA. Further investigations such as transcription or protein truncation tests are needed before the disease phenotype can be predicted with confidence. 
